Structures of some bisphosphonates (clodronate, etidronate, pamidronate, alendronate, risedronate, zoledronate) were relaxed and analyzed by DFT method. By comparing their adsorption energies onto hydroxyapatite (001) surface with and without solvation effect and analyzing HOMOs (highest occupied molecular orbitals), LUMOs (lowest unoccupied molecular orbitals), and DOS (density of states) of bisphosphonates and hydroxyapatite (001) surface, it can be shown that the binding affinity of alkyl N-BPs (bisphosphonates containing nitrogen atom in an alkyl chain) is the highest among bisphosphonates, and the adsorption energy of bisphosphonates onto hydroxyapatite (001) surface is the main factor to determine the binding affinity of bisphosphoates with bone material.
Introduction
Bisphosphonates (BPs) are now widely used for the treatment of metabolic bone diseases including osteoporosis, Paget's disease, and bone metastases [1] [2] [3] [4] [5] . In addition, BPs are also useful as novel ligands for well-defined radioactive metal complexes that can be used both for bone scanning imaging and for therapeutic applications [6] . BPs have high affinity for calcium ions and therefore bind strongly to the principal bone mineral, hydroxyapatite (HAP), where they are internalized by bone-resorbing osteoclasts and inhibit their function [7] [8] [9] [10] .
BPs are metabolically stable analogues of inorganic pyrophosphate (PPi), a naturally occurring modulator of calcification. Stability is conferred by a carbon atom replacing the oxygen atom which connects two phosphonates. BPs of medical interest all have two phosphonate groups sharing a common carbon atom between them (Fig. 1) . BPs have chemical and physical properties similar to pyrophosphate [11, 12] but, due to their P-C-P backbone, they are considerably more resistant to heat and enzymatic hydrolysis. Both phosphonate groups are required, as modifications to one or both reduce the affinity [13] and reduce biochemical potency [14, 15] . R1 substituents such as hydroxyl (OH) and amino (NH 2 ) can enhance chemical adsorption with their additional abilities to coordinate to calcium [16, 17] . Varying R2 substituent, the antiresorptive potency changes in several orders of magnitude [13] . Bisphosphonates with R2 chain containing a basic primary nitrogen atom in an alkyl chain (e.g., pamidronate, alendronate, and neridronate) are more potent antiresorptive than those not containing nitrogen atom (e.g., clodronate and etidronate). More highly substitution of nitrogen atom in an alkyl chain (e.g., olpadronate and ibandronate) can display further increase in an antiresorptive potency [18] . The most potent antiresorptive bisphosphonates include those containing nitrogen atom within an heterocyclic ring (e.g., risedronate, zoledronate, and minodronate) [19, 20] . The overall pharmacological effects of BPs are mainly related to binding affinity for bone mineral (HAP) and inhibitory effects on osteoclasts [2] .
Strong binding affinity of BPs on bone mineral can influence on some important biological properties of these drugs, including uptake and retention on bone, diffusion within bone, release from bone, and recycling back onto bone surface [21, 22] . The mineral binding affinity may also affect the appropriate dosing interval and the persistence of effect after discontinuation of medication [23, 24] . Therefore, binding affinity of BPs on bone mineral may play an important role on the pharmacological effects of these drugs.
There are some reports on experiments of measuring and comparing binding affinities of BPs on bone. By using a constant composition potentiostatic method, Nancollas et al. studied the kinetic mineral binding affinities of bisphosphonates to identify zoledronate and alendronate as the higher affinity agents followed by ibandronate and risedronate [25] .
Lawson and co-workers have developed FPLC (fast performance liquid chromatography) utilizing crystalline HAP, which showed that zoledronate had a longer retention time compared to risedronate, indicating a stronger binding affinity for HAP [26] . Leu and co-workers studied bisphosphonate adsorption on human bone by competitive binding assays of radio-labeled bisphosphonates, which showed that most tested BPs, including etidronate, ibandronate, pamidronate, alendronate, risedronate, and zoledronate had comparable affinities, but tiludronate and especially clodronate displayed significantly weaker affinity for bone [27] . Jahnke et al., using NMR techniques, provided even more accurate comparison of thermodynamic binding affinities [28] that parallels the Leu rankings [27] . Mukherjee et al. studied the thermodynamic properties of bisphosphonates binding to human bone in more detail using 31 P NMR to obtain another set of affinity rankings [29, 30] , which showed that similar to the results of Nancollas et al. [25] risedronate has lower affinity, while zoledronate and alendronate have the highest affinity. In recent studies, mass spectrometry (MS) has been applied for specific identification and quantification of BPs, which has enabled the efficient separation and quantification of BPs with their binding affinities [31] . The combination of FPLC with MS provides an accurate, precise, and robust method for quantitative analysis [31] . Although there are some differences in ranking orders of BPs binding affinity among various adsorption assays, in general, amino-alkyl BPs including pamidronate, alendronate, and neridronate have the highest affinities, while clodronate has the lowest affinity, and risedronate displays intermediate affinity (Table 1) .
Structure-activity data in these studies show that small differences in BP structure lead to substantial changes in the three-dimensional (3-D) shape and atomic orientation, resulting in significant changes in bone affinity.
Therefore, computational modeling and simulations are widely used to establish accurate and precise relationship between structure and bone affinity of BPs based on molecular and atomic level for development of further promising BPs [32] [33] [34] . Modeling studies by Lawson et al. [32] indicated that N atoms in the BP side chains can coordinate with OH groups in HAP with bonding efficiencies related to their overall binding affinity. Comparative modeling of BPs by Ebetino et al. [33] demonstrated that N atoms of BPs can form a N-H-O hydrogen bond to the labile OH and a bifurcated interaction at the P-O oxygen atoms of HAP(001) surface. Duarte et al. [34] performed molecular mechanics simulations for molecular structures of 18 novel hydroxyland amino-BPs to examine the interaction between BPs and HAP and to extract relating structural characteristics of BPs and their affinities for the mineral, which are in agreement with in vitro and in vivo studies for some of the studied BPs. These modeling and simulations are based on molecular mechanics with well-defined forcefields that is not good for physicochemical process such as adsorption of BPs on HAP surface accompanied with charge movement, in which density functional theory (DFT) provides reasonable results.
In recent years, DFT method is widely used for structural characteristics of BPs and HAP and interaction between them [35] [36] [37] [38] [39] [40] . The surface energetics of HAP crystalline surfaces using ab initio density functional theory (DFT) calculations within the generalized gradient approximation (GGA) for the exchange-correlation functional has been studied by Zhu and Wu [35] , testing the effects of slab thickness, vacuum width between slabs, and surface relaxation on surface energy. Barrios [36] has investigated the interaction between collagen protein and HAP surface by using a combination of computational techniques, DFT and classical MD methods. Corner et al. dealt with biomolecular adhesion on hydroxyapatite surface based on density functional theory by using the B3LYP functional and Gaussian basis functions [37] . Canepa et al. studied the affinity of (001) and water-reacted (010) hydroxyapatite surfaces to formic and alendronic acids with density functional theory (PBE functional), which showed that for all examined biomolecules, the interaction energy is higher on the (010) water-reacted hydroxyapatite surface than on the (001) surface [38] . Fernandez et al. studied the deposition and adsorption of a set of 26 bisphosphonates on the hydroxyapatite (001) surface by using density functional theory, in which it was shown that the charges, the length, or the presence of different functional groups at R2 side chain can modulate the adsorption energy of bisphosphonates [39] . Ri et al. examined the adsorption process of zoledronate on HAP(001) surface in detail, which showed that the significant charge movement between BPs and HAP(001) surface occurs and the strong binding affinity of zoledronate with HAP is due to structural similarity [40] .
In this paper, by using density functional theory, structures of 6 bisphosphonates (clodronate, etidronate, pamidronate, alendronate, risedronate, and zoledronate), hydroxyapatite crystal, and (001) surface are relaxed and their HOMOs (highest occupied molecular orbitals), LUMOs (lowest unoccupied molecular orbitals), and DOS (density of states) are analyzed. And then, the adsorption geometries of bisphosphonates onto hydroxyapatite (001) surface with and without solvation effect are relaxed and their adsorption energies are computed to be compared.
Computational method
DFT calculations are performed together with molecular mechanics (MM) calculations. MM is less expensive computationally, but not more accurate and precise than DFT. Therefore, MM is needed to find rough and globally optimized structures using simulated annealing [41] , in which the temperature is increased from 300K to 5000K and decreased back to 300K in 100,000 steps. For MM calculations, we have used GULP (general utility lattice program) code [42] with Dreiding forcefield [43] and QEq atomic charges [44] . Globally optimized rough structure obtained in MM calculation goes into more accurate and precise structural relaxation in DFT calculation.
For DFT calculations, we have employed SIESTA code [45] which solves numerically Kohn-Sham equation within DFT [46, 47] using a localized numerical basis set, namely pseudoatomic orbitals, and pseudopotentials for describing the interaction between ionic core (nucleus plus core electrons) and valence electrons. The BLYP GGA functional (the Becke exchange functional [48] in conjunction with the Lee-Yang-Parr correlation functional [49] ) is used for exchange-correlation interaction between electrons. For all the atoms species, Troullier-Martins [50]-type norm-conserving pseudopotentials are generated within local density approximation (LDA) [51] , and the DZP-type (double f plus polarization) basis sets are used. The energy cutoff to set the wavelength of the shortest plane wave represented on the grid has taken a value of 200 Ry. Non-fixed atoms are allowed to relax until the forces converge less than 0.02 eV/A 2 .
To simulate the adsorption process of BPs onto HAP surface, initial configuration of BPs adsorbed onto HAP surface must be given from the lowest energy configuration among the possible configurations obtained during simulated annealing molecular dynamics using GULP code. Then, the initial configuration is further relaxed more accurately and precisely using SIESTA code. Generally, the adsorption energy of BPs onto HAP surface is given by
where E HAP is the energy of surface slab, E BP , the energy of isolated BP molecule, and E system , the total energy of system consisted of HAP surface slab and BP molecule adsorbed onto it. Taking solvation effect into account, the adsorption energy is given by
where E systemÀhyd , E HAPÀhyd , and E BPÀhyd are energies of hydrated system, hydrated HAP surface slab, and hydrated BP molecule, respectively. Using solvation energy, the above equation can be rewritten as
where E solv system , E solv HAP , and E solv BP are solvation energies of system, HAP surface slab, and BP molecule, respectively, and E gas Ads is the adsorption energy without solvation effect. supercell is used to avoid interaction of neighboring isolated BPs molecules. It can be shown that bond lengths of P-O and C-R1 and bond angles of O-P-O and C-P-O remain almost unchanged except for clodronate. And bond lengths of P-C and C-R2 and bond angles of P-C-P, P-C-R1, P-C-R2 and R1-C-R2 vary significantly among BPs, which indicates that the structure of P-C-P moiety is sensitive to R2 group. Figure 2 shows HOMOs (highest occupied molecular orbital) and LUMOs (lowest unoccupied molecular orbital) of BPs. For alkyl-N BPs (BPs containing nitrogen atom in an alkyl chain), HOMO is locally distributed around nitrogen atom, and for heterocyclic N-BPs (BPs containing nitrogen atom in a heterocyclic ring), HOMO is globally distributed around nitrogen atom, while LUMO is distributed around two phosphonates (except for risedronate, in which LUMO is distributed around heterocyclic ring). It may be thought that for N-BPs, nitrogen atom behaves as an electron donor, and phosphonate group behaves as an electron acceptor (except for risedronate, in which heterocyclic ring behaves as both donor and acceptor). HAP crystal is doubled along x-or y-axis normal to z-axis (the orientation of hydroxyl radical), to keep its practical isotropy, which changes group symmetry of HAP crystal from P63 to P21/C (See Fig. 3 ). For convenience, Ca atoms on Layer1 are presented by Ca1, and those on Layer2 by Ca2.
Results and discussion
There are several surfaces with low miller indices, among which we selected (001) surface, because there exist experimental evidences that (001) provides binding sites for many ionic species, especially for BPs [52] [53] [54] . HAP crystal represents no dipole moment along z-axis, and both the top and the bottom faces of HAP(001) surface slab are equal. HAP(001) surface slab is obtained through cleaving HAP crystal normal to z-axis, then doubling crystal twice along z-axis, and finally on the surface, putting vacuum slab, the thickness of which is 30 A to avoid interaction between top and bottom surface atoms. During surface relaxation and adsorption of BPs onto HAP(001) surface slab, only top layer atoms of HAP(001) surface slab change their positions significantly, and bulk atoms below top layer remain almost unchanged. Thus, only top layer atoms (44 atoms) are allowed to be relaxed and bulk atoms below top layer (132 atoms) are fixed during optimization.
Structural and lattice parameters of relaxed HAP crystal and HAP(001) surface are provided in Table 3 Comparison of structural parameters of BPs with those of HAP (Table 3) shows that for BPs, bond lengths of P-O and bond angles of O-P-O are similar to those of HAP, which indicates structural similarity of between HAP and BPs.
HOMO and LUMO of HAP(001) surface slab are presented in Fig. 4 , in which gray-colored atoms represent fixed atoms. Figure 4 shows that HOMO is mainly distributed around oxygen atoms of phosphate group and LUMO around calcium atoms of HAP(001) surface, so that oxygen atoms of phosphate group may behave as an electron donor, while calcium atoms as an electron acceptor during the adsorption process. By considering HOMO and LUMO of both HAP(001) surface slab and BPs, it is thought that electron transfer may occur from nitrogen atom of BPs (except for clodronate and etidronate) to calcium atom of HAP(001) surface slab, and from oxygen atom of HAP(001) surface phosphate group to phosphonate group of BPs (except for risedronate). Figure 5 shows DOS (density of states) of BPs and HAP(001) surface, which indicates that for N-BPs, small peak appears between À 6:5 and À 6:3 eV, due to 2p orbital of nitrogen atom, which is similar to 2p orbital of oxygen atom (at À 6:37 eV), coordinate binding to 4p orbital of calcium atom (at À 2:12 eV) of HAP(001) surface, i.e., nitrogen atom of N-BPs may replace oxygen atom of HAP(001) surface to coordinate binding to calcium atoms of HAP(001) surface. However, for heterocyclic N-BPs, 2p orbital of nitrogen atom is globally distributed around heterocyclic ring, so it is difficult for nitrogen atom to bind to calcium atom, but not for alkyl N-BPs, where 2p orbital of nitrogen atom is locally distributed around nitrogen atom. Therefore, it is thought that the binding affinity of alkyl N-BPs is the highest among BPs.
To take solvation effect, two layers of water molecules (16 water molecules) are added just over HAP(001) surface slab. Figure 6 shows relaxed geometries of BPs adsorbed onto HAP(001) surface with and without water layer. As shown in Fig. 6 , hydrogen bonds between phosphonate group of BPs and phosphate group of HAP (001) PAM shows shorter distance (4.418 A without water layer, and 4.084 A with water layer) than ALN (5.049 A without water layer, and 4.926 A with water layer), which means that for PAM, nitrogen atom binds to calcium atom more strongly than for ALN. Figure 6 also shows different orientation of alkyl-N BPs, which can be related to its highest binding affinity among bisphosphonates. Table 4 shows the adsorption energies of BPs onto HAP(001) surface with and without water layer, in which energies of relaxed HAP(001) surface slab with and without water layer are À 58125:38 and À 50669:94 eV, respectively, and the energy of relaxed water layer is À 7452:64 eV. The adsorption energies of BPs onto HAP(001) surface with and without solvation effect water layer are plotted in Fig. 7 . It can be shown that PAM has the greatest value, followed by ALN, ZOL, CLO, RIS and ETD both without and with solvation effect water layer, which resembles the ranking orders of Table 1 , and therefore, directly relates the adsorption energies of BPs onto HAP(001) surface to the experimental binding affinities of BPs onto bone material.
Conclusions
In this paper, relaxed geometries of bisphosphonates were relaxed, to show that P-C-P structure (P-C bond length and P-C-P bond angle) is sensitive to R2 group and similar to those of hydroxyapatite crystal, which implies that strong binding affinity of BPs onto hydroxyapatite is due to structural similarity of BPs and hydroxyapatite.
HOMOs (highest occupied molecular orbitals) and LUMOs (lowest unoccupied molecular orbitals) of bisphosphonates and hydroxyapatite (001) surface slab show that nitrogen atom of bisphosphonates (except for clodronate and etidronate) and oxygen atoms of phosphate group on hydroxyapatite (001) surface may behave as electron donor, while phosphonate group of bisphosphonates (except for risedronate, in which heterocyclic ring) and calcium atoms on hydroxyapatite (001) surface may behave as electron acceptor during the adsorption of bisphosphonates onto hydroxyapatite (001) surface.
DOS (density of states) of bisphosphonates and hydroxyapatite (001) surface slab indicates that small peak (2p orbital of nitrogen atom) of N-BPs (bisphosphonates containing nitrogen atom) between À 6:5 and À 6:3 eV, which is similar to 2p orbital of oxygen atom (À 6:37 eV), is responsible for coordinate bonding binding between HOMO (occupied 2p orbital of nitrogen atom of N-BPs) and LUMO (unoccupied 4p orbital of calcium atom of hydroxyapatite (001) surface), but for heterocyclic N-BPs (bisphosphonates containing nitrogen atom in heterocyclic ring), HOMO (2p orbital of nitrogen atom) spreads globally around heterocyclic ring, which disturbs coordinate binding. The adsorption geometries of bisphosphonates onto hydroxyapatite (001) surface show that hydrogen bonds between phosphonate group of bisphosphonates group and phosphate group of hydroxypapatite (001) surface as well as coordinates binding of HOMOs around nitrogen atoms of bisphosphonates and LUMOs around calcium atoms of hydroxyapatite (001) surface play important role in strong binding of bisphosphonates onto hdyroxyapatite.
By comparing the adsorption energies of bisphosphonates onto hdyroxyapatite (001) surface with and without water layer, pamidronate has the greatest value, followed by alendronate, zoledronate, clodronate, risedronate, and etidronate, which parallels the experimental ranking order even without considering protonation state of bisphosphonates in water solution. These results show that protonation state of bisphosphonates affects its binding affinity not significantly. In the future, protonation state of bisphosphonates must be considered through QM/ MM (mixed quantum mechanics and molecular mechanics) calculation.
It can be concluded that structural similarity between phosphonate group of bisphosphonates and phosphate group of hydroxyapatite is responsible for strong binding affinity of bisphosphonates onto hydroxyapatite, as well as coordinate binding between nitrogen atom of bisphosphonates and calcium atom of hydroxyapatite (001) surface, and hydrogen bonding between oxygen atoms of bisphosphonates hydroxyl group and hydroxyapatitephosphate group. This calculation has been done at zero-temperature and zero-pressure, so it does not correctly describe physiochemical processes occurred at normal conditions. In the future, temperature and pressure effects will be considered through ab initio thermodynamics.
